In 1909, Abbott Thayer suggested that the study of animal coloration lies in the domain of artists because it deals with optical illusions. He proposed, for example, that prey color patterns may obliterate the animal's outline to make the wearer appear invisible to its predators. Despite a long history of research on the neuropsychology of visual illusions in humans, the question of whether they can occur in other animals has remained largely neglected. In this review, we first examine whether the visual effects generated by an animal's shape, coloration, movement, social environment, or direct manipulation of the environment might distort the receiver's perspective to form an illusion. We also consider how illusions fit into the wider conceptual framework of sensory perception and receiver psychology, in order to understand the potential significance of these (and other) visual effects in animal communication. Secondly, we consider traits that manipulate visual processing tasks to intimidate or mislead the viewer. In the third part of the review, we consider the more extreme cases of sensory manipulation, in which individuals or their traits disrupt, overstimulate, or inactivate receivers' sensory systems. Although illusions present just one form of sensory manipulation, we suggest that they are likely to be more common than previously suspected. Furthermore, we expect that research in this area of sensory processing will provide significant insights into the cognitive psychology of animal communication.
IntroductIon
In 1909, Abbott Thayer suggested that the study of animal coloration belongs to the "realm of pictorial art" because it deals with optical illusions and thus can only be interpreted by painters. He considered that animal "costumes" such as bright and contrasting patterns previously assumed to exist mainly as nuptial dress could actually serve for concealment, for example, by obliterating the wearer's outline to appear inconspicuous (invisible) to predators (now referred to as disruptive coloration; Cott 1940) . Thayer (1909) referred to the visual effects created by many animal patterns as "illusions," yet surprisingly, his ideas regarding the psychology of pattern perception and object recognition have not been explored further in this context. This is in contrast to the extensive literature on human visual illusions, which dates back to the Ancient Greek philosophers (see Coren and Girgus 1978 for a historical review). Well-known visual illusions that the reader may be familiar with include the Necker cube (Necker 1832) , the Müller-Lyer illusion (Müller-Lyer 1889) , and the rabbit-duck illusion (Jastrow 1899) (Figure 1 ). The considerable literature on human visual illusions therefore provides a good foundation to introduce the concept of visual illusions and what they can reveal about the cognitive and neuropsychological mechanisms of image processing.
The visual system provides the viewer with information about the environment, such as the size, shape, texture, and movement of objects. However, visual signals are often ambiguous because a 3D form or scene must be translated into a 2D retinal representation that is subsequently interpreted by neurological and cognitive processes occurring in the brain. Errors in signal perception can arise as a result of bottom-up processes, such as sensory reception and distortion of the stimulus, but also due to systematic perceptual errors of top-down processes or the "rules" of object organization (Coren and Girgus 1978) . The latter is the tendency to see patterns with overall form rather than as a series of separate elements (Gestalt psychology) and is important in preattentive visual processing (Duncan 1984) . In the psychology literature, illusions are therefore referred to as errors of perception, yet here we examine how such "errors" may be advantageous for the animals that can generate them through their coloration, movement, or manipulation of the environment. Importantly, illusions can be used to reveal the psychological and cognitive processes that underlie visual perception. Although we now have a detailed understanding of how photoreceptors in the eye process light, little is known about the subsequent levels of sensory processing carried out in the brain. Research on visual illusions in humans has revealed much about how visual information is processed in terms of top-down and bottom-up cognition, and by developing equivalent but ecologically relevant tests, we can begin to understand these processes in nonhuman animals.
Like all animals, our perception of the world is subjective; consequently, images created by the visual system might be regarded as illusions (Eagleman 2001) . However, this notion is not particularly helpful, as it does not allow us to obtain meaning from the term "illusion," or allow comparisons with "reality." In this review, we define visual illusions as effects that act to distort the perception of the viewer such as the size, distance, shape, coloration or movement of individuals, parts of individuals (e.g., appendages and body ornaments), or objects displayed by individuals (e.g., nuptial gifts). Following others (Gregory 1998 ), we do not use the term "optical illusions" as this implies reliance on the physical properties (e.g., reflectance) of objects, whereas illusions can also be cognitive. One particular problem in determining whether animals can create or perceive illusions is that it relies on understanding the neuropsychology of animals. Many animal senses are completely alien to us as humans and a good example is provided by bat sonar that allows bats to navigate and hunt by producing calls or clicks that are reflected off surrounding objects (echolocation). Philosophers have suggested that because our ability to imagine other perspectives is drawn from our own context, it is impossible to extrapolate and describe, for example, the sonar experience of bats (Nagel 1974) , despite our extensive knowledge of the physiological processes involved. Although we may never know what it is really like to be a bat, collaboration between neurobiologists, psychologists, and behavioral ecologists is critical for gaining insight into animal perspectives.
Visual illusions are not the only way in which animals can alter or manipulate the sensory perspective of the viewer; there are a myriad of other ways in which animals can exploit, distort, or disrupt sensory information, and such cases are not solely restricted to vision. Considering other examples of sensory manipulation in tandem with the concept of visual illusions broadens our perspective on the complex sensory interactions that occur between the sexes, among rivals, or among predators and their prey. Although we primarily focus on the manipulation or disruption of visual information, we also include examples from other sensory systems to illustrate the concepts presented.
In the first part of this review, we examine how visual illusions may be used to affect the perception of animals. In particular, we focus our attention on illusions that are likely to be of relevance in typical behavioral contexts (e.g., communication, camouflage) and those that disrupt or misrepresent common features of animals or their environments. For example, illusions of body size or brightness are particularly relevant in sexual selection (e.g., female choice and male-male conflict), whereas illusions that obscure body shape, 3D form, or motion can play an important part in animal camouflage (Gomez and Théry 2007) . It is worth noting that although we have placed particular stimuli (e.g., color patterns) under subheadings that describe their putative function, many sensory effects could fit equally well in other parts of the review and their ascribed functions may not be mutually exclusive. Particular effects are often named according to their assumed function (e.g., startle signals and distractive markings), when often the purpose of a particular pattern, sound, or odor is simply not known. In the second part of our review, we consider traits that stimulate the receiver's sensory system to exploit existing behavioral responses (e.g., startle signals) or serve as stimuli (e.g., particular patterns or calls) that intimidate receivers. In the third part of the review, we consider the more extreme cases in which individuals disrupt, overstimulate, or inactivate receiver sensory systems. In our concluding remarks, we consider what the study of animal visual illusions can reveal about the cognitive and perceptual processes that shape animal communication and camouflage.
Use of visual illusions to alter receiver's perspective
Illusions of size In many cases, it is advantageous for individuals to be able to manipulate their apparent size, for example, when under threat, during male-male competition, and during courtship. When choosing a mate, animals typically compare locally available mates and make choices based on features that may signal quality, such as size and color (Andersson 1994) . The perceived quality of an individual is not fixed and can be influenced by encounters with other potential mates that may be sequential or simultaneous (Wong et al. 2004; Reaney 2009) . Theory predicts that individuals should attempt to increase their perceived attractiveness by choosing to display in a social environment that contains lower quality mates, but until recently empirical experiments have been lacking ( Common illusions (from left to right): a Necker cube, an ambiguous line drawing where the black dot can be perceived as being in the near or the far corner of the cube; the Müller-Lyer illusion, where the line with outward facing wings is perceived to be longer than the line with inward wings (they are of identical length); and the rabbit-duck illusion, which can be perceived as a left facing duck or a right facing rabbit.
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Behavioral Ecology
Male fiddler crabs (Uca mjoebergi) display in densely populated communities that allow females to make localized comparative choices among potential mates. Females prefer males with larger claws, but the social environment can influence the perception of an individual's attractiveness (Reaney 2009 ). Females preferentially approach males that court alongside smaller clawed rivals, most likely because these males look relatively more attractive (i.e., larger clawed) than the same-sized male courting alongside larger clawed neighbors (Callander et al. 2013) . There are several possible explanations for this behavior. First, the female can more easily distinguish the size difference between small-and medium-clawed males compared with medium-and large-clawed males, as the ability to discriminate differences in size decreases as absolute size increases (Weber's law, Jennions and Petrie 1997) . Second, the presence of neighbors may create a visual illusion known as the Ebbinghaus illusion (also known as the Ebbinghaus-Titchener illusion; Figure 2a) , where an object that is surrounded by smaller objects will appear relatively larger compared with the same object surrounded by larger objects. This illusion can arise solely due to comparative decision making, which appears to be a general property of biological decision making (Latty and Beekman 2011) . However, there is currently only indirect evidence that male fiddler crabs actively manipulate their social environment in order to increase their relative attractiveness, and male-male competition is also likely to have a large influence on male display location (Backwell and Jennions 2004) . Indeed, visual effects such as the Ebbinghaus illusion might play a role in male-male competitive interactions, where it is beneficial for individuals to emphasize or exaggerate traits that enhance their dominance.
The first evidence that males may actively utilize the Ebbinghaus illusion comes from a study on guppies (Poecilia reticulata), a species where females prefer to mate with colorful males (Houde 1997) . Male guppies actively chose to display alongside males with smaller color patches (i.e., lower quality males) rather than males with larger color patches (i.e., higher quality males) (Gasparini et al. 2013) . Furthermore, males with small amounts of coloration exhibited stronger preferences for lower quality social environments compared with higher quality, more attractive males, suggesting that males are able to select the most appropriate context relative to their coloration. Males, therefore, appear to be choosing relatively less attractive males as their rivals to make them appear relatively more attractive to the choosy females, as the male's color patches will appear relatively larger compared with those of his rivals (the female's perception of male color patches may also be affected; see Illusions of brightness and color). However, this finding would also arise through simple comparative decision-making processes, rather than through changes in the perception of the males' coloration. Distinguishing these mechanisms in mate choice will rely on understanding how male traits are perceived and evaluated by females.
Comparative evaluation has been demonstrated in mammals (Scarpi 2011) , birds (Bateson 2002; Morgan et al. 2012) , honey bees (Apis mellifera; Shafir et al. 2002) , and slime molds (Latty and Beekman 2011) and can be utilized to manipulate perception of size and other physical attributes in a manner similar to the Ebbinghaus illusion. If animals also make comparative evaluations on a more local scale (e.g., within an individual's body), then the perceived size of patches or spots can be manipulated (e.g., the Wundt-Jastrow and Delboeuf illusions; Figure 2b ,c) to enhance features that are used in sexual display or to evade predation. Thus, the viewer's attention may be drawn toward patches that are relatively large or particularly conspicuous (see Illusions that draw the attention of receivers). In guppies, for example, male coloration changes during courtship with the black spots expanding and black contours appearing along the color patches. These changes may act to enhance luminance contrast with the skin background and accentuate the orange patterning that is preferred by females (Baerends et al. 1955; Houde 1997) .
Given the differences in visual processing of different animal species, it is perhaps unsurprising that not all visual illusions are perceived in the same way across species. In some cases, perceptual processing appears to be similar to that of humans (Fujita et al. 1991; Pepperberg et al. 2008 ), but illusions can also be perceived in unpredictable ways (Nakamura et al. 2008; Watanabe et al. 2011) . For example, the Ebbinghaus illusion outlined above is perceived in the same way by bottlenose dolphins (Tursiops truncatus) and chickens (Gallus gallus) as it is by humans: larger inducer (surrounding) objects decrease the size estimation of the central object and vice versa (Murayama et al. 2012; Rosa Salva et al. 2013) . Baboons (Papio papio) do not see the illusion at all and can accurately assess the size of the central target, whereas pigeons (Columbia livia) perceive the illusion in the opposite way, so that larger inducer objects increase the size estimate of the central target (Parron and Fagot 2007; Nakamura et al. 2008 Nakamura et al. , 2013 . The neural processes that underlie size perception are poorly understood, but there is evidence in humans that the primary visual cortex (V1) plays a role in illusory size perception (Fang et al. 2008) . However, size illusions may arise at different stages in visual processing and involve different neuronal populations. For example, the Ebbinghaus illusion is mediated to some extent by monocular neurons that occur early in the visual system in the lateral geniculate nucleus and V1, whereas another size illusion, the Ponzo illusion, appears to be a result of binocular processing in V1 and the visual cortices beyond (Song et al. 2011) . Although little is known about the neural basis of size illusions in nonhuman animals, recent research has revealed how species differences in perceptual organization can affect animals' susceptibility to illusions. Among-species variation in perception may be due to the characteristics and location of the surrounding inducer objects used in different studies, the attention that is paid to each of these aspects, or underlying physiological/cognitive differences. For example, pigeons are known to integrate information on a local scale whereby surrounding information is ignored (i.e., they are less likely to perceive the Ebbinghaus illusion in the same way as humans), whereas many other species integrate information on a global scale and would therefore be likely to perceive the illusion as they also pay attention to surrounding information (Regolin et al. 2004) . Differences in perception may also arise due to differences in susceptibility to assimilation and contrast effects: an assimilation illusion occurs when the perception of the focal shape is distorted in the direction of the surrounding context, and a contrast illusion occurs when perception of size is distorted away from the surrounding context (Girgus and Coren 1982) . For example, in Figure 2a ,c, humans tend to overestimate the size of central circle on the left due to an assimilation illusion and underestimate the size of the circle on the right due to a contrast illusion. Different species may vary in their experience of these effects, so pigeons may experience assimilation effects but not contrast effects; hence, the Ebbinghaus illusion is reversed compared with humans that experience both assimilation and contrast effects (Nakamura et al. 2008) .
Animals can also quickly and effectively switch the perception of their size or height by changing stance (Figure 2d ). For example, during courtship displays, male peacock spiders Maratus spp. raise their abdominal flaps and their third pair of legs (Hill 2009; Hill and Otto 2011) . Raising the legs alongside the abdominal flaps is likely to make the flaps (and therefore the male) appear taller and wider than they are in reality, similar to the Müller-Lyer illusion that many nonhuman animals are susceptible to (Nakamura et al. 2006; Pepperberg et al. 2008; Tudusciuc and Nieder 2010) . The Müller-Lyer illusion is likely to be an assimilation illusion, as the viewer bases their judgment of the length of the central line on the global impression of average, taking into consideration the size of the elements at the end of the line (Coren and Girgus 1978; Nakamura et al. 2006; Pepperberg et al. 2008) . Although the perception of the Müller-Lyer illusion is likely to involve early, preattentive visual processes in a manner similar to the Ebbinghaus illusion, top-down processes are also likely to play a role in the magnitude of the illusion (Weidner and Fink 2007) .
Bowerbirds provide one of the most elaborate and fascinating examples of a visual illusion that may be used to manipulate size perception. Male great bowerbirds (Ptilonorhynchus nuchalis) clear court areas for displays, which they then cover with gray objects such as stones and bones. These objects are arranged in a positive size-distance gradient, so that object size increases with distance from the bower. For the female viewing the court from within the bower, the visual angles subtended on her eye by the arrangement of objects on the court are more uniform than if the objects were arranged randomly. This creates a visual illusion known as forced perspective, which can affect the viewer's perception of size and distance (Endler et al. 2010) . Such geometric illusions can arise because senses have evolved to extract information from naturally occurring patterns. Individuals vary consistently in the quality of the illusion that they construct, and illusion quality is positively correlated with mating success Endler 2012a, 2012b) . However, it is not clear whether females are selecting a mate based on the quality of their visual illusion, or whether perceptual changes related to the illusion are targets of female choice, perhaps due to increased signal efficacy (Kelley and Endler 2012a) .
Female perception may be affected in a number of ways: for example, forced perspective is likely make the court appear smaller or less deep than it is in reality, so that displayed ornaments will appear relatively larger. Furthermore, the uniform pattern provided by forced perspective will make these displayed ornaments more conspicuous. Further interactions between female sensory processing and the visual illusion may also occur, for example, the false depth cues provided by forced perspective will conflict with accurate depth cues that the female receives when she moves her head (Kelley and Endler 2012a) . Females may indirectly choose males that construct high-quality visual illusions because the additional visual effects outlined above will be greatest in these males.
Illusions of shape
Animals tend to have characteristic body shapes or features (e.g., symmetrical body and paired appendages) that distinguish them from the background and facilitate prey detection and recognition by predators (Thayer 1909) . However, prey coloration can impede predators' object recognition (figure-ground segregation) processes by obliterating the animal's true outline and shape by creating the appearance of false edges and boundaries (disruptive coloration, Stevens and Merilaita 2009 ). There are a number of subprinciples of camouflage that relate to disruptive markings. Markings that intersect body edges are referred to as "disruptive marginal patterns"; these break up the body outline and produce the appearance (or illusion) of a group of separate and unrelated objects (Stevens and Merilaita 2009 ). Nonmarginal markings, such as false internal edges and "holes" may disrupt an animal's surface to generate the illusion of a different body shape ("disruption or disguise of surface, " Cott 1940; Stevens and Merilaita 2009) . Patterns that disrupt the surface have received very little attention; however, found that artificial prey with low-contrast edges and high-contrast inside markings had a higher survival probability (with wild bird predators) than other disruptive patterns, including those with high-contrast edges and lowcontrast internal markings. These internal markings might provide a distractive effect, drawing the attention of the predator and preventing detection or recognition. Furthermore, the spatial arrangement of these patterns relative to the body contours may produce a "crowding" or "contour interaction" effect (see Illusions that draw the attention of receivers), making prey difficult to detect or recognize . Further research into the size, shape, and spatial distribution of disruptive markings is clearly required to understand the visual and perceptual processes that facilitate this form of camouflage (Stevens and Merilaita 2009 ).
Edge detection is a key phase of early visual processing in vertebrates and is performed by the retinal ganglion cells. Changes in luminance intensity occurring at an object's borders produce neural signals that are visually distinct from those of the background (Hubel and Wiesel 1962; Marr and Hildreth 1980; Canny 1986 ). Disruptive coloration acts to directly exploit these edge detection processes by giving the impression of false boundaries where none exist, in order to impede object (i.e., prey) recognition. In the frog, Limnodynastes tasmaniensis, the borders of adjacent color patches are highly accentuated by high-contrast lines; these "false edges" are indistinguishable from the "natural edges" formed by the prey's body, preventing visual recognition of the animal as distinct from the background (Osorio and Srinivasan 1991) .
The importance of edge detection processes in facilitating disruptive coloration has also been revealed using computer visual models of artificial prey, showing that edge detection algorithms were more likely to locate correct (i.e., real) edges in targets that matched the background than those with disruptive patterns (Stevens and Cuthill 2006) . The use of eye-tracking technology with human subjects has recently shown that visual search time increases with the number of edge-intersecting patches on the target (Webster et al. 2013) . Disruptive coloration, therefore, reduces overall detectability and/or recognition (these processes are yet to be distinguished) and can thus be regarded as functionally distinct from background matching (Stevens and Merilaita 2009) . Manipulating the visual backgrounds of animals that change their coloration, such as European cuttlefish, Sepia officianalis, has also revealed significant insights into edge detection processes. Cuttlefish camouflage patterns can be categorized into 1 of 4 types (Hanlon and Messenger 1988) : "Uniform" coloration (lacking spots and lines), which is usually produced on homogenous substrates such as sand, "Stipple" and "Mottle" patterns comprising small to moderate patches, and "Disruptive" patterns, which are formed by large light and dark patches on the body in response to complex backgrounds (note that the disruptive pattern is a descriptive term and is it more likely that these markings serve for background matching than disruptive coloration). The specific visual stimuli that elicit the disruptive pattern have been investigated in a number of studies and have revealed the importance of object area, contrast, and edges (reviewed by Kelman et al. 2007; Zylinski and Osorio 2011) .
The use of high-pass filters that enhance high frequency information (i.e., object edges) but attenuate low frequency visual information (i.e., object area) has revealed that edges alone, and even isolated edges, can produce the disruptive pattern in cuttlefish (Zylinski et al. 2009b; Chiao et al. 2013) . Even more remarkably, a disruptive pattern is still produced if small edge fragments are presented in a broken circle (Figure 3a ), but not if the same fragments are rotated or randomly scattered (Figure 3b ; Zylinski et al. 2012 ). This work reveals that cuttlefish can perform conceptual (contour) completion of objects by interpreting missing visual information (e.g., objects that might be partially occluded). Similarly, honey bees discriminate illusory contours of "Kanizsa rectangles" (Figure 3c ; based on the Kanizsa triangle illusion in humans) in a similar way to "real" rectangles (Figure 3d ), but not when the same elements are rotated 90° (Figure 3e ; van Hateren et al. 1990) . Indeed, a variety of animals including cats, monkeys, fishes, and owls can perceive illusory contours (reviewed by Nieder 2002; Agrillo et al. 2013) , suggesting that similar mechanisms of visual processing during edge detection may occur across distinct taxonomic groups.
The perception of an object's outline or shape is also determined by its shading and the global assumption that light comes from above (Ramachandran 1988) . In humans, this assumption (or "prior") allows objects that are light on top to be viewed as convex, whereas those that are light at the bottom to appear concave (Sun and Perona 1998) . Animals that display countershading coloration counteract this typical pattern of overhead illumination by having the reverse coloration: darker pigmentation on their dorsal surface than on their ventral surface (Poulton 1888; Thayer 1909) . This gradation of body shading is common in aquatic and terrestrial animals and is thought to function for protection from ultraviolet light and concealment from predators, among other functions Rowland 2009 Rowland , 2011 . In the context of concealment, shadows cast by the body's form are potentially an important cue for foraging predators, thus countershading coloration may compensate for the visual effect generated by the animal's own shadow ("selfshadow concealment") (Poulton 1888) . On the other hand (although these functions may not be mutually exclusive), countershading may disrupt the viewer's recognition of the object's (prey's) 3D form ("obliterative shading"), making the prey appear optically flat and preventing visual discrimination from the background (Thayer 1909; Cott 1940; Kiltie 1988) . In aquatic environments, countershading coloration may facilitate background matching because when viewed from above, the darker dorsal surface will match the dark, deep waters, whereas the lighter ventral side will appear matched to the bright, downwelling light (Cott 1940) .
Surprisingly few studies have examined the visual effects generated by countershading coloration, such as the dorsal-ventral transition in body shading. Kiltie (1989) photographed taxidermy mounts of gray squirrels (Sciurus carolinensis) at different angles in natural settings (under natural illumination) and found some evidence for graded coloration consistent with self-shadow concealment, but only when squirrels were orientated horizontally (not vertically). Allen et al. (2012) compared the dark-light transition of museum specimens from 114 species of ruminant and compared this to the "optimal" countershading that would be predicted from self-shadow concealment. Their detailed phylogenetic approach found that the observed patterns of dark-light transition were similar to those expected for optimal countershading. Although this provides good evidence for self-shadow concealment, it remains unclear whether countershading coloration enhances crypsis (prevents object detection), prevents recognition of 3D form, or a combination of both these mechanisms. Nonetheless, computer visual models that aim to detect 3D objects on the basis of their curvature (i.e., gray level function) fail to identify targets that are countershaded (Tankus and Yeshurun 2009) . Few studies have been conducted to test the role of shading in shape recognition in animals other than humans, although differential illumination appears to play an important role in shape recognition in chickens (Hess 1950 (Hess , 1961 Hershberger 1970) .
Illusions that draw the attention of receivers
Patterns such as "distractive markings" fall under our definition of visual illusions because they draw the viewer's eye away from features (e.g., the body's outline) that would otherwise give away the animal's presence, hence increasing overall camouflage (Thayer 1909; Stevens et al. 2007; Stevens and Merilaita 2009; Merilaita et al. 2013 ). Distractive markings must be relatively salient in order to capture the attention of the receiver and must therefore be effective so as to compensate for the consequential increase in predation risk caused by their conspicuousness ). It has also been proposed that distractive markings may be conspicuous relative to either the background or to the rest of the animal's coloration . Note that patterns that create illusions of size (e.g., relative to other pattern components) may also be distractive.
Several explanations have been proposed for how distractive markings might work. One idea is that they manipulate receiver visual attention and make it difficult for predators to perceive the visual cues that are associated with prey detection and recognition ). This may entail manipulation of the preattentive processes that separate objects according to Gestalt properties such as spatial proximity, color, and movement (Duncan 1984) . Visual attention can only be paid to one focal object at a time, thus the objects in the visual field compete for attention (Desimone and Duncan 1995) . Distractive markings may effectively direct the focus of this initial attention because of their relative conspicuousness (e.g., brightness and size), allowing other visual features (required for prey recognition) to pass unnoticed. A further way in which distractive markings could theoretically work is by causing a reduction in visual performance through "crowding" (or "contour interaction") . Crowding refers to the difficulty of singling out a target when it is surrounded by other targets or nearby contours (Chung et al. 2001; Levi 2008) . Distractive markings that are high contrast or conspicuous could therefore also interfere with the visual processes that are used for detection and recognition ). This is a controversial area of research and both of these hypotheses remain to be tested empirically ).
There have only been a few experimental studies on distractive markings and there is considerable controversy over their role in camouflage ).
Using artificial prey and bird predators, Dimitrova et al. (2009) found that high-contrast markings, whether present on the prey's body or in the background, increased predator search times relative to low-contrast markings (independent of background matching). However, and used both artificial prey and computerbased experiments and found that prey with high-contrast body markings were detected more rapidly and had a lower probability of survival than prey with low-contrast markings. Troscianko et al. (2013a) also found that targets with distractive markings were neutral or costly (in terms of detection times), but were learned more slowly by (human) subjects, perhaps owing to particular search strategies or the luminance contrast of these targets (Troscianko et al. 2013b) .
Bold markings such as eyespots, circular markings with an outer concentric contrasting ring, may play a role in predator defense by drawing the attention of the viewer. Eyespots are commonly found on the wings of Lepidoptera, but also occur in other insect groups as well as in amphibians, reptiles, fishes, and birds (Cott 1940; Blest 1957) . Thayer (1909) suggested that eyespots generate a visual effect that allows the faint contours surrounding this marking (e.g., the wing outline) to recede into the background. Eyespots could also generate effects such as the Delboeuf illusion (Figure 2c ) because the high-contrast, narrow outer rings that are often present (e.g., on butterflies) would make the eyespot appear larger than it actually is. The resulting visual effect could serve to intimidate predators (see Intimidating receivers), or to deflect attacks, either by providing false information about the prey's likely escape trajectory (i.e., the impression of a head at the wrong end, Cott 1940) and/or by drawing attacks toward the eyespot (and away from vital parts of the body). Although experimental evidence for a deflective role is limiting, a recent study using artificial prey targets and three-spined sticklebacks (Gasterosteus aculeatus) as predators found that eyespots manipulate predators' visual attention by drawing attacks toward these markings (Kjernsmo and Merilaita 2013) . This study provides convincing evidence that eyespots can effectively cause predators' attacks to be drawn toward these visually conspicuous markings. Contour completion in European cuttlefish (a and b: Sepia officinalis) and honey bees (c-e: Apis mellifera). Cuttlefish produce a disruptive body pattern when placed on a background containing both full and fragmented circles but exposure to (a) rotated or scattered fragments, or (b) control backgrounds, produces a different body pattern (redrawn from Zylinski et al. 2012) . Bees that were trained to discriminate oblique gratings recognized the illusory contours provided by "Kanizsa rectangles" (c) in a similar way to the "real" white rectangles (d). The bees did not discriminate these patterns when the elements were rotated 90°, but the number of edges remained the same (e) (redrawn from van Hateren et al. 1990 ).
Illusions of brightness and color
An animal's coloration may also affect a viewer's perception of brightness and color. For example, the perception of brightness can be affected by the background against which is it viewed: if a gray target is surrounded by a lighter gray, then it appears darker than when compared with the same target on a darker background (Figure 4a ). This is known as the "simultaneous brightness contrast" effect (reviewed by Adelson 1993) and occurs because the observer pays attention to the relative intensity of the target, rather than the absolute intensity, in a manner similar to the size contrasts in the Ebbinghaus illusion. This illusion was previously thought to result from interactions between lateral ganglion cells in the retina of the eye, but unconscious inference in the brain has been shown to play a role (Adelson 2000; Foley and Matlin 2010) . The perceived brightness of a stimulus can also be manipulated through the simple arrangement of patterns, and here, the signal to reduce pupillary size (i.e., the perception of brightness) is entirely due to cognitive processing in the brain rather than a physiological response in the eye itself, so the pupillary responses are a result of what the observer thinks they are seeing, rather than what is actually present (Laeng and Endestad 2012) .
Viewing context can also affect perception of color in a similar manner to brightness contrasts (Figure 4b ). False perceptions of color can also be induced in other ways, for example, if a red square is viewed for approximately 30 s or more and then replaced by a white piece of a paper, an afterimage of a green square will appear (Goldstein 2002) . This is a result of retinal wiring, as the human visual system consists of opponent channels for perceiving color: red versus green and blue versus yellow. Photoreceptor responses to one color are antagonistic to the opponent color. When looking at a red object, the "red" neurons become fatigued so that when looking at a white piece of paper immediately afterward, a green color is perceived due to excitation of the "green" neurons and a lack of response from the "red" neurons due to saturation (Hurvich and Jameson 1957) .
Simultaneous color contrast has been demonstrated in a range of nonhuman animals including insects (Neumeyer 1980; Kinoshita et al. 2008) , fishes (Dörr and Neumeyer 1997) , and birds (Varela et al. 1993) , suggesting that this perceptual effect may be widespread. There is also some evidence that animals other than humans can perceive simultaneous brightness contrast effects; butterflies appear to experience these illusions (Kinoshita et al. 2012 ) and the visual fields of macaque monkeys (Macaca spp.) show a similar electrophysiological response to both real and illusory changes in surface brightness (Wang Roe et al. 2005) . Many animals use color in their sexual displays and could manipulate the perception of brightness or color of bodily patches or other stimuli via the surrounding region. In terms of the brightness contrast effect, courting males could make their coloration appear brighter if they display against a low luminance background (e.g., Endler and Théry 1996; Heindl and Winkler 2003) , whereas animals that change their coloration would benefit by altering the contrast of their patterning relative to their background coloration. Both of these mechanisms would also act to increase the efficacy of signaling, making illusory/efficacy effects difficult to disentangle.
Illusions involving movement
High-contrast markings, such as bars, stripes, and zigzag patterns have been proposed to serve for "motion dazzle," making it difficult for predators to accurately assess the speed and direction of moving prey (Thayer 1909) . Despite some correlational evidence supporting the use of motion dazzle markings (Jackson et al. 1976; Brodie 1989 Brodie , 1992 Shine and Madsen 1994; Allen et al. 2013) , experimental support for motion dazzle is largely restricted to human predators using computer games in which they target moving prey with different contrasting patterns or judge the speed of a moving patterned target. These studies have revealed that patterned prey are more difficult to capture when they display particular striped patterns than when they are spotted or plain (Stevens, Yule, et al. 2008 ) and that some patterned targets can appear to move at different speeds compared with plain targets (Scott-Samuel et al. 2011; von Helverson et al. 2013 ). The ubiquity of striped bodily patterns in the animal kingdom (Cott 1940) suggests that motion dazzle markings may provide moving animals with protection against predation in a wide range of species.
A number of mechanisms may be responsible for the perceptual effects underlying motion dazzle. The trajectory of movement in general can be difficult to perceive accurately, as movement detection occurs in local receptive fields that are integrated to form a global representation (Magnussen et al. 2013) . One consequence of this is the "aperture effect," where the direction of movement of a line viewed through an aperture cannot be correctly inferred when movement is parallel to the line, only when movement is perpendicular (Troscianko et al. 2009 ). In a scenario where a predator's view of a potential prey with dazzle markings (e.g., a snake) is partially obstructed by foliage or grass, if the prey moves in a direction that is parallel to the dazzle markings, then the predator cannot accurately resolve the true direction of movement.
Striped patterns are also important in "peripheral drift" and similar illusions where luminance contrast differences can provoke illusory movement, which may result in targets appearing to move further or faster than they do in reality (Kitaoka and Ashida 2003; Conway et al. 2005) . There is also an anecdotal report of stripes on the snake Chionactis occipitalis appearing to move in the opposite direction to the snake's movement (Jackson et al. 1976) . Such illusory motion reversal may be attributed to the "wagon wheel effect," which occurs when the continuously moving spokes of a wheel can be observed moving in the opposite direction to true movement. There are 2 possible perceptual processes underlying this phenomenon. It may be a result of motion adaptation, where motion detectors in the eye become adapted to the veridical direction of movement, which allows motion detectors for the opposite direction to become dominant, giving the illusion of movement in the opposite direction (Kline and Eagleman 2008) . Alternatively, illusory reversal of motion can be the result of discrete temporal sampling, where the visual system takes "snapshots" over time and links them to create a continuous scene, in the same manner as film and television. If a wheel spoke moves forward more than half of a period between sampling events, it will appear to have moved backward less than half a period as it will be misidentified as the following spoke (Andrews and Purves 2005; VanRullen et al. 2005) . Future research should initially focus on quantifying the perceptual effects of motion dazzle so that the underlying mechanism(s) can be elucidated.
There is likely to be a trade-off between animal conspicuousness and movement; for example, motion dazzle markings are highly conspicuous when prey are stationary but provide protection when moving. In contrast, camouflage provides protection when stationary, but the same markings may appear conspicuous when the animal moves (Stevens et al. 2011 ). This may explain why most prey become immobile or "freeze" when threatened. A study on cuttlefish found that individuals produced low-contrast patterns when moving, suggesting that the high-contrast patterns in motion dazzle may not impede capture (Zylinski et al. 2009a ). However, a target with markings that provide low contrast with the viewing background alters the viewer's perspective so that it appears to move more slowly than a high-contrast target (Anstis 2003) , as Reichardt (motion) detectors are highly contrast sensitive (Haag et al. 2004 ). Furthermore, high-contrast backgrounds increase the perceived speed of a target (Blakemore and Snowden 2000) ; thus, the contrast of the background and body markings may affect the perception of movement in several ways. A future challenge is to extend current experimental protocols using humans as observers to predators searching for prey viewed against natural visual backgrounds. In the following 2 sections, we leave the topic of illusions to broadly consider other examples where animals manipulate the sensory perception of receivers.
Manipulation of receiver behaviors
Exploiting receivers Sensory information can act to exploit the preexisting behavioral responses of receivers; for example, predators may utilize particular visual cues to exploit the antipredator responses of their prey in order to facilitate capture. One such example is the painted redstart (Myioborus pictus), an insectivorous bird that uses contrasting plumage coloration and stereotyped movement patterns to flush and then pursue arthropod prey from the substrate. Redstarts forage with their tails and wings spread (Ficken and Ficken 1965) , displaying conspicuous white patches on the underside of their predominately black bodies. Covering the white patches with dye or presenting models of redstarts with closed wings and tails decreased the frequency at which invertebrates were flushed from the habitat (Jablonski 1999) . A subsequent study revealed that the specific visual stimuli created by redstarts pivoting in a counter-clockwise direction and raising an opened tail directs the insects' escapes toward the center of the birds' field of view, an area of high visual acuity (Jablonski 2001) .
A fascinating example of predators' exploiting prey escape responses comes from tentacled snakes (Erpeton tentaculatus) that use feint attacks to manipulate the escape responses of their fish prey. C-starts are a characteristic escape response in aquatic organisms such as fishes and amphibians and describe the bend of the body into a C-shape followed by rapid (<1 s) propulsion away from the predator (reviewed by Domencini and Blake 1997) . The direction of the turn is determined by which of the paired Mauthner cells (motor neurons) in the brain is fired. Snakes manipulate this escape reflex by waiting until the fish is in a certain position (the concave area of its body, which usually forms a J-shape during sit-and-wait hunting). The snake then initiates a feint response, generating pressure waves from the mid-region of the body, which trigger the fish's Mauthner cells to elicit the C-start response in the wrong direction-directly toward the snake's mouth ( Figure 5; Catania 2009 ). This is a fascinating example of how predators can take advantage of the neural circuitry of their prey, exploiting a response that is adaptive for the majority of (fish) predators.
Startling receivers
A pulse of sensory information can be used to startle receivers and induce a change in behavior; using these so-called deimatic displays or signals, prey can startle predators, causing them to hesitate during the course of an attack and provide prey with an increased probability of escaping (Edmunds 1974; Ruxton, Sherratt, et al. 2004) . For example, coyotes (Canis latrans) presented with a starling (Sturnus vulgaris) distress call showed a startle response and an increase in attack time compared with those in the no-call trials (Wise et al. 1999) . Caterpillars are renowned for their physical (e.g., spines and hairs) and chemical defenses (noxious substances), but a recent study revealed that sound production (by the abdominal spiracles) may constitute a further means of defense. North American walnut sphinx (Amorpha juglandis) that suffered simulated attacks with blunt forceps produced whistling sounds; in subsequent trials, these whistles caused predators (yellow warblers, Dendroica petechia) to flinch and move away, suggesting a defensive role (Bura et al. 2011) . Butterflies can also produce sounds that startle their predators; predatory mice (Apodemus flavicollis and Apodemus sylvaticus) were more likely to flee from peacock butterflies (Inachis io) that produced hissing sounds and high-intensity ultrasonic clicks than butterflies whose sound production was disabled (Olofsson et al. 2012) .
Intimidating receivers
One further potential explanation (see also Illusions that draw the attention of receivers) for the function of eyespots is that they intimidate predators and prevent them from launching an attack, for example, through mimicking the eyes of the predator's enemy (reviewed by Stevens 2005; Kodandaramaiah 2011 ). For example, it has been postulated that the eye-and face-like patterns found in many tropical caterpillar species constitute an eye mimicry complex, causing an innate fleeing or startle response in bird predators (Janzen et al. 2010) . Although there is experimental evidence that eyespots prevent or delay attacks (Vallin et al. 2005 (Vallin et al. , 2006 (Vallin et al. , 2007 Kodandaramaiah 2009; Merilaita et al. 2011) , it has been suggested that this could occur as a result of the visual conspicuousness of these markings, rather than their eye-like resemblance (Blest 1957; Stevens 2005) . The bulls-eye-like receptive fields of the retinal ganglion cells could also explain why markings such as eyespots present a strong visual stimulus, as the strong contrast boundaries of eyespots would cause excitation of the receptive fields used in edge detection processing.
A number of studies with artificial prey have provided evidence that conspicuous patterns such as eyespots confer survival benefits irrespective of their shape, provided they have high contrast within the ring pattern, and also with the visual background (Stevens et al. 2007; . If eyespots are intimidating due to their conspicuousness alone (and not their resemblance to predators' enemies' eyes), then we might expect an increase in the intimidating effect when larger numbers of eyespots are present . Indeed, used artificial prey with varying spot number, size, and shape to determine whether eye mimicry or conspicuousness prevented predator attacks. They found that prey with larger spots and higher numbers of spots had the highest survival probability, suggesting that conspicuousness rather than eye mimicry prevents predator attacks. In contrast, a study with naive insectivorous birds (pied flycatcher, Ficedula hypoleuca) found no difference in attack latency between 2 and 4 eyespots, suggesting that the presence of 4 eyespots on peacock butterflies cannot be adequately explained by the conspicuous signal hypothesis (Merilaita et al. 2011) .
Butterflies often abruptly open their wings to expose their eyespots when threatened; these conspicuous markings might also function to startle the predator (Blest 1957; Stevens 2005) . A recent study found that these wing flicks (deimatic displays) elicited a fleeing response in domestic fowl irrespective of whether the eyespots were visible or not (painted over). Nonetheless, the presence of wing spots induced additional antipredator responses by the fowl (including alarm calls), suggesting that wing flicks act to startle predators, whereas eyespots enhance the overall intimidating effect (Olofsson et al. 2013 ).
Disruption of receiver sensory systems

Sensory disruption
The auditory arms race between nocturnal insects and predatory bats provides one of the most extreme examples of the sensory arms race between predators and their prey. Furthermore, divergent defensive strategies can emerge within a single sensory system; tiger moths (family Arctiidae), for example, display a diversity of acoustic defenses, including aposematism, Batesian mimicry, Müllerian mimicry, and sensory jamming . Species using these different strategies display corresponding specializations of their sound producing (tymbal) organs, the frequency spectrum of sounds produced, and differences in their palatability. Sonar jamming appears to be a defensive strategy that is unique to bats and moths and is particularly relevant to this review as it relies on disruption of predator sensory processes to facilitate escape by prey. Moths that click are less likely to be attacked than mute moths and clicks are produced in the same frequency spectrum as the sounds produced by echolocating bats (Ratcliffe and Fullard 2005) .
Although the concept of sonar jamming was proposed over 40 years ago (Dunning and Roeder 1965) , only recently have studies (both in the laboratory and the field) confirmed that moth clicks function to interfere with the bats' acoustic precision (Corcoran et al. 2009 (Corcoran et al. , 2010 (Corcoran et al. , 2011 Corcoran and Conner 2012) , by disrupting the firing of auditory neurons (Tougaard et al. 1998) . Three mechanisms have been proposed for how moths are able to achieve this. One idea, the "phantom echo hypothesis," is that the moth clicks are incorrectly perceived as echoes from the bats' calls (Fullard et al. 1979 (Fullard et al. , 1994 . Another idea (the "ranging interference" hypothesis) is that clicks that are in close succession to one another or to echoes may impede the bat's ability to accurately discriminate distance (Miller 1991) . Alternatively, if moth clicking is very frequent or intense, the clicks may mask the bat's sonar, making them undetectable (the "masking" hypothesis) (Troest and Mohl 1986; Mohl and Surlykke 1989) . There is good support for the ranging interference hypothesis over the alternatives, and interestingly, moth clicks cause bats to reverse their typical pattern of echolocation emissions during attack, resulting in attacks being aborted (Corcoran et al. 2011) .
Overstimulation or inactivation of receiver sensory systems A further way in which prey might be able to manipulate the sensory perception of their predators is by the production of stimuli that inactivate, block, or overstimulate predators' sensory receptors. There is anecdotal evidence that marine bioluminescent Schematic of a snake manipulating the escape reflex of a fish by waiting until the fish is in the concave area of its body. The snake then initiates a feint response, generating pressure waves from the mid-region of the body (numbered 1-3), which trigger the fish's Mauthner cells to elicit the C-start response in the wrong direction (4)-directly toward the snake's mouth (5 and 6). From Catania (2009). ostracods (crustaceans) produce a bright cloud of luminescence when attacked that may temporarily blind planktivorous predators ("flash bulb" effect; Morin 1983 Morin , 1986 . A similar function has been suggested in an intertidal marine snail (Hinea brasiliana) in which tactile encounters elicit short (<1 s), intense bioluminescent flashes (Deheyn and Wilson 2011) similar to other organisms in which bioluminescence may play a defensive role (Porter and Porter 1979; Lewis and Cratsley 2008) .
Studies with sea hares (Aplysia) have provided fascinating insights into how prey can utilize chemical defenses to inactivate the sensory and motor responses of their predators, in this case spiny lobsters (Panulirus spp.). Sea hares have multiple mechanisms of chemical defense and secrete both ink (which is purple, due to the ingestion of red algae) and morpholine (a white compound that becomes highly viscous on contact with water) either simultaneously or separately when provoked or attacked (reviewed by Derby 2007) . The ink-opaline secretion can act as a phagomimetic decoy, deceiving predatory lobsters by eliciting a feeding response toward a false food stimulus (Kicklighter et al. 2005) . However, opaline secretion has a further mechanism of thwarting attacks from predators; due to its high viscosity and stickiness, it physically blocks the chemosensory receptors, preventing reception of food odors and inhibiting motor neuron responses (Love-Chezem et al. 2013) . These studies provide a compelling illustration of the contribution of animal sensory physiology to our understanding of predator defense strategies.
Summary and concludIng remarkS
Although the study of animal illusions is in its infancy, revealing how individuals can manipulate or disrupt the sensory perspective of others will undoubtedly yield significant insights into the evolution of signals and senses. Visual illusions may occur due to "errors" in sensory processing or perceptual ambiguities associated with translating a 3D scene into a 2D retinal representation. Such processing constraints are common across taxonomically diverse groups and are often based on simple physiological or psychological processes. This leads us to suggest that illusions are likely to be more prevalent in nonhuman animals than considered previously. Quantifying animal perception is challenging but has the potential to reveal many fascinating insights into the ubiquity of various types of visual (and nonvisual) illusion. It also allows us to emphasize the notion that selection acts not only on signal design and efficacy but also on the underlying psychological and perceptual processes (Guilford and Dawkins 1991) including those that are illusory.
Illusions may also arise because animals cannot process all of the sensory information available to them and must therefore focus on a few (typically) reliable cues that can be used to guide behavior. For example, the perceived size of an object can provide information about its distance, thus an individual's visual perspective can be distorted through manipulations of object size. The shading of an object provides information about shape and this perception can be manipulated, for example, through countershading coloration. Furthermore, animals can only attend to 1 object or part of a scene at any time, thus objects in the visual field may effectively compete for visual attention. Conspicuous or distractive markings (or other sensory stimuli) may directly manipulate these attention processes. These relatively simple distortions or manipulations of visual attention rely on the basic principles (and limitations) of visual processing, thus illusory effects might be a common feature of animal vision. Illusions are, therefore, highly relevant to behavioral ecologists because visual processing relies not only bottom-up processes, such as the sensitivity of the photoreceptors, but also topdown processes, such as perceptual completion and the Gestalt laws of psychology. It is these latter processes that deserve further attention from behavioral ecologists, in order to truly understand animal visual worlds.
Sensory signals can be limited in the amount of information that they can convey; for example, object recognition may be impeded if an animal (e.g., prey) is partly occluded in its habitat. In this case, inference, such as the ability to reconstruct fragmented information (e.g., contour completion) based on past "knowledge" of natural scenes, is required for object perception. In humans, the importance of this visual knowledge is revealed through the interpretation of pictorial illusions and has provided leading insights into the cognitive processes underlying vision. Animals may also either select or manipulate their physical environment to focus the viewer's attention. For example, bowers, burrows, or funnel-shaped spawning nests through which the signaler is viewed may act to focus gaze and affect depth perception by limiting the female's peripheral vision.
The definition of illusions presented here falls on a continuum of animal sensory manipulation and is therefore presented within the wider framework of sensory interactions. A number of other authors have referred to the illusory effect of animal markings (Thayer 1909; Cott 1940; Osorio and Srinivasan 1991) and the advantage of this train of thought is that it forces us to consider not only the optical effects generated by shapes, patterns, and incident light but the cognitive processes that facilitate visual interpretation. Translating studies on human visual illusions to other animals is likely to be insightful; in the literature on humans, they are often described as sensory or perceptual errors. However, behavioral ecologists would seek to understand how these "errors" are the targets of selection and have evolved to induce a change in the behavior of receivers. Thus, in many cases, illusions are not intrinsically deceptive; they may act to induce a stronger response from the receiver, for example, in the case of sexual displays.
Our examples of animal illusions have mainly dealt with vision; however, illusions in other senses or those that result from interactions between the senses are also possible. For example, sounds (Flower 2010) , odors (Resetarits and Binckley 2013) , or movements (e.g., feinting, in tentacled snakes; see Exploiting receivers) can provide misleading information to the receiver. There are many examples of visual and acoustic illusions in the psychology literature describing how particular patterns and sounds can be falsely perceived or perceived differently according to handedness. However, this work needs expanding beyond humans to other animals. For example, the McGurk illusion in humans (Eagleman 2001) describes how conflict between visual and auditory information (lip reading but hearing a mismatched sound) affects sensory processing and speech perception. Behavioral and sensory ecologists would benefit greatly by applying the same concepts and testing whether these illusions can be created in other animals. For example, a recent study demonstrated that when 2 relatively unattractive visual and acoustic courtship signals (vocal sac inflation and chuck sound) produced by the male Túngara frog (Engystomops pustulosus) are combined, they form a signal that is attractive to females (Taylor and Ryan 2013) .
We have highlighted the fact that some animal colors and patterns were historically classified as visual illusions, meaning that the concept of visual illusions includes not only direct manipulations of sensory perspective (as in great bowerbirds) but also well-known phenomena such as markings (e.g., stripes and eyespots) that serve to deceive or misinform the viewer. We anticipate that this generalized conceptual framework will provide a baseline for future studies aimed at investigating the importance of sensory manipulation in the context of sexual selection and predator-prey interactions. Although Thayer's (1909) eloquent references to the various costumes and disguises worn by animals were largely descriptive, we now have the technology and techniques to transfer this "realm of pictorial art" back into the hands of behavioral and sensory ecologists. We are very grateful to L. Simmons and S. Healy for inviting this review. We would also like to thank J. Endler, N. Hart, J. Hemmi, S. Merilaita, and 2 anonymous reviewers for their comments that greatly improved this manuscript.
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